The chaperome is the collection of proteins in the cell that carry out molecular chaperoning functions. Changes in the interaction strength between chaperome proteins lead to an assembly that is functionally and structurally distinct from each constituent member. In this review, we discuss the epichaperome, the cellular network that forms when the chaperome components of distinct chaperome machineries come together as stable, functionally integrated, multimeric complexes. In tumors, maintenance of the epichaperome network is vital for tumor survival, rendering them vulnerable to therapeutic interventions that target critical epichaperome network components. We discuss how the epichaperome empowers an approach for precision medicine cancer trials where a new target, biomarker, and relevant drug candidates can be correlated and integrated. We introduce chemical biology methods to investigate the heterogeneity of the chaperome in a given cellular context. Lastly, we discuss how ligand-protein binding kinetics are more appropriate than equilibrium binding parameters to characterize and unravel chaperome targeting in cancer and to gauge the selectivity of ligands for specific tumor-associated chaperome pools.
Like its better-known cousins, the genome and the proteome, the chaperome is a large collection of biological macromolecules at work in the cell. Unlike the first two, which in the simplest sense can be defined by their composition, the chap-erome is both a structural and functional definition, comprising proteins that carry out the molecular chaperoning functions of the cell (1, 2) . The term chaperome was introduced in 2006 (3), but like our understanding of the component members themselves, its precise definition is evolving as our understanding of these proteins develops (4 -6) . A 2013 study of the human chaperome identified 147 predicted members (1) . This list included heat shock protein 90s (HSP90s), HSP70s, HSP60s, HSP110s, HSP40s (also known as DNAJ proteins), HSP10, the small heat shock proteins, their co-chaperones, and members of the folding peptidylprolyl isomerase and protein-disulfide isomerase enzymes. A later study expanded this list to 332 members (4, 5) and included tetratricopeptide repeat domaincontaining proteins selected based on their functional interactions with chaperones. Some but not all chaperome members are heat-inducible (1, 2) .
The chaperome is among the most abundant protein collections in human cells (1, 2) . The HSP90s comprise 2.8% of the total cellular protein mass. The HSP70s add another 2.7%, and the HSP60 and HSP110 classes account for ϳ3.3% of the total protein mass. Chaperones perform their functions aided by a specific subset of co-chaperones, and this assembly of chaperome members is often referred to as a machinery (7) (8) (9) . Cochaperones are substoichiometric to the chaperones they assist. Thus, for example, HOP (HSP70 -HSP90 organizing protein, also called STIP1) is 10 -20 times less abundant than HSP90, even in cancer cells (1) .
Under normal physiological conditions, the chaperome is required for a variety of housekeeping functions, including de novo protein folding during nascent polypeptide synthesis, transport of proteins to specific cellular locations, unfolding and disaggregation of misfolded proteins, and the assembly of protein complexes (10 -14) . Because of the inherently disordered nature of the unfolded or partially folded proteins acted upon by chaperones and their helpers, chaperones have evolved to interact with these proteins, also referred to as "clients," in a highly dynamic manner (15, 16) . The interaction of chaperone machineries with clients is believed to occur in a hierarchical order, where, for example, an emerging polypeptide chain is transferred from the ribosome to TCP-1 ring complex (TRiC, also called CCT for chaperonin containing TCP-1) or to the HSP70 chaperone machinery, whereas the HSP90 machinery
Chaperome under cellular stress
The dynamic interactions between chaperones, co-chaperones, and clients governing normal cellular function, and the partial functional overlap among the component machineries of the chaperome, are both altered under stress (22) . This has been seen in yeast (23, 24) , plants (25) (26) (27) , and other organisms (28) . For example, Hsp82, the yeast HSP90, forms stable complexes with most chaperones mainly after exposure to a stress condition such as the introduction of the exogenous mammalian proteins v-Src or the glucocorticoid receptor (23, 29) . Following this stress, Hsp82 can be affinity-purified with Ssa proteins, the yeast homologs of HSP70, Sti1, the yeast HOP, and a 46-kDa immunophilin homolog, among others. Several co-chaperones of the HSP70 machinery, including Ydj1, the yeast HSP40 and Sse1, and the yeast HSP110, are also involved in the regulation of exogenous v-Src.
In addition to an increase in the biochemical overlap between the HSP90 and HSP70 machineries, stress also increases their functional overlap. For example, yeast with a defective Ydj1 fails to enable a functional v-Src. Overexpression of Sse1, the more abundant of the two yeast HSP110s, rescues this phenotype (30) . This has also been seen following heat shock. Yeast that tolerate the lack of Sti1 and Sse1 at 30°C could not grow at 37°C. Deletion of Sse1, when also associated with loss of Hsp82, was toxic even at 30°C (31) . Furthermore, Sti1 and Sse1 mutant strains exhibit markedly increased sensitivity to inhibition of HSP90 under conditions in which the WT strain remained unaffected by these drugs (31) . Overall, these studies indicate that stress enhances both the physical and the functional overlap between chaperome machineries with the goal of enhancing cellular survival.
Studies in human cells recapitulate these observations from simple organisms. Pioneering work on human chaperones in the 1980s and 1990s discovered that the association of mammalian HSP90 with co-chaperones and client proteins was dynamic (32) (33) (34) . The isolation and characterization of these multiprotein complexes were possible only after their stabilization by oxyanions such as molybdate, vanadate, and tungstate. Researchers soon reported that cellular stress could also stabilize these interactions, and the isolation of "oligomeric" HSP90 or HSP70 species was often observed on native PAGE when cells were exposed to stress. For example, the stress-inducible HSP70 isoform, HSP72, and the constitutively-active isoform, HSC70, formed oligomeric structures in response to heat stress (35) . BiP, the ER 5 resident HSP70, also known as glucose-regulated protein 78 (GRP78), self-oligomerized in response to glucose deprivation (36) , and GRP94, the ER HSP90, formed multimeric complexes with BiP in cells exposed to a toxin such as antimycin A (37) .
Mammalian HSP90 can also oligomerize under conditions of thermal stress (38 -40) . Although all members of the HSP90 family are believed to exist primarily as homodimers, a monomeric fraction has also been reported, while others have noted a tendency of HSP90 to self-associate when purified from cells under thermal stress. For example, although HSP90 purified to homogeneity from chick embryos appeared as a single band on SDS-PAGE and as a dimer under native PAGE, thermal stress produced several oligomeric forms (41) . These HSP90 oligomers were not insoluble aggregates but rather soluble highmolecular-mass assemblies that retained their binding to cochaperones such as activators of HSP90 ATPase protein 1 (AHA1). In fact, AHA1 appears to prefer binding to oligomeric HSP90 over the dimer (42) .
Thus, cellular stress can change the interaction strength between both chaperome members as well as between chaperome machineries. This "rewiring" of the chaperome by higherorder reorganization may enable new functions that are silent under normal conditions but that may be needed to counteract the deleterious effects of stress. By bringing nominally independent component chaperome machineries together, stress also increases the functional overlap and functional inter-dependence of the chaperome (Fig. 1a ). This mechanism appears to extend beyond the chaperome, as the heat-induced "reversible aggregation" or oligomerization of several cellular proteins was recently reported to reflect an adaptive, autoregulatory process that aids cellular survival under thermal stress (43) .
Epichaperome-A chaperome entity formed under stress
The cellular stress of human disease also alters the interactions of chaperome units and chaperome machineries. We will next review such instances in cancer. High-affinity complexes between components of the chaperome were noted in tumor cells as early as the 1990s. For example, stable, ATP-independent oligomeric forms of HSP70/HSP110 were identified in a mouse C3H mammary carcinoma in 1998 (44) , and high-affinity complexes between HSP90, HOP, and p23 (also known as PTGES3) were reported in tumor cells in 2003 (45) . At the time, the function of these stabilized complexes was not understood, Figure 1 . Proteome stress biochemically remodels the chaperome in cancer. a, dynamic and hierarchical interactions between the chaperone machineries govern normal cellular proteostasis. Here, different chaperone machineries give rise to a network, with partially overlapping functions and specificities. Cellular stress, such as induced by Myc hyperactivation, increases the connectivity between distinct chaperone machineries; this is executed by an increase in the interaction strength among chaperones, co-chaperones, and other factors. A functionally and structurally interconnected chaperome network, as opposed to that of individual chaperone machineries, is formed. Because the formation of the interconnected chaperome creates an entity that is distinct, both thermodynamically and functionally, from its constituent chaperome units, this network was coined the epichaperome. b, tumors with the interconnected chaperome, i.e. epichaperome expressors, were termed type 1, whereas those with partly overlapping chaperome machineries were named type 2. The biochemical signature of HSP90 when part of the epichaperome is exemplified in the MDA-MB-468 breast cancer cell homogenates. Conversely, HSP90 of type 2 tumors is exemplified in ASPC-1 cells. IB, immunoblot. c, in type 1 tumors, but not in type 2, HSC70 is an abundant component of stable HSP90 chaperome complexes; this HSC70 pool, but not others, is depleted by the PU-H71 bait, a binder of HSP90 when incorporated into the epichaperome. Adapted from Ref. 46. but, more recently, Rodina et al. (46) systematically analyzed the biochemical behavior of chaperome members in several different human cancer cells and found that stable oligomeric complexes containing HSP90, HSC70, HOP, HSP110, CDC37, AHA1, and others were detected in some, but not all, cancer cells. Unlike the dynamic HSP90 complexes found under normal conditions (see for example the human mammary epithelial cells in Fig. 1b ), these chaperome complexes remained stable during native PAGE and had a distinct isoelectric focusing signature (Fig. 1b , exemplified by MDA-MB-468 cells). Moreover, unlike the HSP90 found in dynamic complexes, which dissociate under native PAGE and appear as dimers, these highaffinity HSP90 complexes have distinct molecular masses, reflecting the incorporation of HSP90 into stable protein complexes with chaperones, co-chaperones, and other proteins.
Although the abundant chaperones HSP90 and HSC70 nucleate these chaperome complexes ( Fig. 1b ), these stable oligomers represent only a fraction of the total chaperome in the cell. Despite being a minor species, however, their presence is a distinguishing trait, and not all cancer cells form these stable chaperome complexes. The incorporation of the chaperome into the stable complexes is independent of the expression level of HSP90 and other chaperome members, HSP90 client proteins and anti-apoptotic molecules, tissue or origin or causal genetic mutations (22, 46) . Using HSP90 incorporation as a marker, tumors from 95 cancer cell lines, 40 primary acute myeloid leukemia, and 23 primary breast tumors, ex vivo, and 51 solid tumors and lymphomas, in human patients could be categorized into "type 1" tumors that contained the stable chaperome complexes (Fig. 1b , exemplified by MDA-MB-468 cells) and "type 2" that did not ( Fig. 1b , exemplified by ASPC1 cells).
To understand why differentiating tumors on the basis of their chaperome pool content is significant, it is worthwhile to consider the concepts of protein networks and gene essentiality. Cellular function can be described by the structural organization of proteins into networks. A network is composed of multiple nodes (herein proteins) connected by edges (herein protein-protein interactions). Biological networks fit the socalled scale-free network organization model composed of a small number of highly connected nodes (hubs) and a large number of poorly connected nodes (nonhubs) (47) . Each tumor has an intrinsic need for a well-defined organization of protein networks. Providing a backbone for the structuring of these networks is the chaperome (48, 49) . Such function places the chaperome in a central position of cellular networks, which is the hub. This placement is of importance in cancer because deleting a highly-connected protein node (hub) is more likely to be lethal to a cancer cell than deleting a lowly-connected node (nonhub), a phenomenon known as the centrality-lethality rule (50) .
An essential hub chaperone is HSP90 (51, 52) . Mapping the interaction network of this chaperone in yeast and mammalian systems placed HSP90 at the epicenter of multiple pathways and cellular processes (53) (54) (55) (56) (57) . Among these processes are important signaling, transcriptional, and metabolomic pathways that are often dysregulated in cancer. These findings have driven the push for the introduction of HSP90 inhibitors in cancer (58, 59 ). Yet, despite strong preclinical data showing that HSP90 inhibition in tumors led to the depletion of multiple oncogenic pathways, and the entry of an array of inhibitors of diverse chemotypes into clinical investigation, this approach has so far failed to produce favorable clinical outcomes.
Puzzled by the disconnect between the potential of this target and the failure to deliver upon its promise, we analyzed HSP90 and its interactome in tumors (46) . Our goal was to see whether the placement or connectivity of HSP90 in protein networks, rather than its oncogenic protein interactors, could explain the observed tumor sensitivity (or the lack of) to HSP90 inhibition. The prevailing view in the field was that HSP90 and other key chaperones, such as HSP70, were hubs of protein networks but that they functioned separately, each with its co-chaperone subset and each as a hub of its own protein network (60) . In this view, only limited connectivity existed between the two machineries, mainly carried out by the ubiquitous HOP and CHIP co-chaperones (60) . We found that, indeed, some tumors were characterized by such "insular" chaperome networks. In these tumors, HSP90 inhibition could be overcome despite depletion of HSP90-dependent oncoproteins such as oncogenic kinases. These are the type 2 tumors (46) .
In contrast to the type 2 tumors, we found that HSP90 became essential in cancer when its network connections increased through its incorporation into complexes with other chaperome machineries such as HSC70, the constitutive HSP70 paralog (46) . These increased interactions allowed the previously nonessential HSP90 to become a member of global (as opposed to insular) protein pathways. These are the type 1 tumors. Indeed, it was in these tumors, and not those of type 2, that targeting co-chaperones of either HSP90 or HSP70 was toxic to the cancer cells (see Fig. 2 
and sections below).
We coined the term epichaperome to describe these hyperconnected HSP90 -HSC70 chaperome networks (46) . Thus, epichaperomes are cellular networks that form when the chaperome components of distinct chaperome machineries come together as stable, functionally integrated multimeric complexes.
What are the components of the epichaperome? We performed a series of unbiased large-scale proteomic interrogations of the chaperome in type 1 tumors. These analyses found that co-chaperones and other factors, which were usually associated with either HSP90 or HSP70, were now integrated into large stable complexes (Figs. 1 and 2) (46). Hyperconnecting the chaperome by strengthening the interactions between individual chaperome members of distinct machineries resulted in the functional integration of these distinct chaperome networks. Showing this functional interdependence in type 1 (i.e. epichaperome expressors), but not in type 2 cancer cells, knock down of HSP110 (an HSP70 co-chaperone) and HOP was sufficient to diminish the activity or expression of HSP90 kinases, such as p-S6K, p-ERK, and EGFR, in a fashion similar to knock down of HSP90␣/␤ and AHA1 (a direct HSP90 activator) ( Fig. 2) (46) .
To conclude this section, the distinction between types 1 and 2 tumors is key to understanding the sensitivity or lack of sensitivity of tumors to chaperome therapies. Epichaperome formation, which is a characteristic of type 1 tumors, arises from the increased network connections of HSP90 with chaperome members of other chaperome machineries; it is effected by enhancing the stability of such protein complexes. This mechanism is not restricted to cancer. In the context of Parkinson's disease, we have recently reported how pathogenic protein network rewiring is driven by remodeling the interaction strength between chaperome members and the stability of such protein complexes (61) .
Kinetic binding drives inhibitor selectivity
Small molecules may sense the structural and dynamic differences between chaperome and epichaperome complexes, and these characteristics are the basis for the use of such chemicals in the detection and analysis of chaperome heterogeneity in disease (Figs. 3-6) (46) .
The interaction of small molecules with proteins is typically described using affinity indicators measured at equilibrium (i.e. K d and IC 50 /EC 50 ). These have been the mainstay of drug discovery and were assumed to be valid indicators of drug activity and predictors of in vivo efficacy. As we have discussed, they fall short in defining the properties of a safe and active anti-HSP90 agent (22, (62) (63) (64) .
We will discuss below why kinetic, and not equilibrium binding analyses are better descriptors of HSP90 -ligand interactions in tumors. The kinetic approach is more revealing because the kinetics of the association or dissociation may themselves provide the preference for a specific protein pool. For instance, in the context of a drug treatment regimen where the concentration of the drug at the target is continually changing, a drug with a longer residence time in one HSP90 pool can kinetically select a given pool over another, even if the affinity for both is comparable at equilibrium.
Is there a structural basis for inhibitor selectivity (or the lack of) for the several HSP90 pools? HSP90s are highly dynamic and flexible proteins, and their conformation and activity are modulated by regulatory nucleotides, association with conformation-specific co-chaperones, and post-translational modifications (65) (66) (67) (68) . The N-terminal domain of HSP90 may exist in a combination of different conformational states in its free state with the lid segment undergoing internal motions on the microsecond-millisecond time scale (69, 70) . The binding of a compound may alter the protein's conformational distribution by increasing the pool of conformational states that are rare in the unbound state. For example, ligand binding may redistribute the population toward more stable conformations. Alternatively, but not exclusive of the prior scenario, the ligand may favor specific, already present, populations driven by either a particular HSP90 conformation, a binding partner(s), or fluctuations in the cellular environment. Inhibitors may take advantage of the high flexibility in the N-terminal lid structure to obtain either specificity for one paralog over another or to select for a specific HSP90 pool (69, (71) (72) (73) .
For the former, for example, we reported ligands that take advantage of the conformational flexibility of GRP94 to "freeze" the protein in a state that unveils a unique allosteric site that arises from a shift in . This unique conformation is not accessible to cytosolic HSP90, providing a rationale for the design of GRP94-selective ligands. Others have used this feature to design ligands that are selective for HSP90 over the organelle paralogs or selective for HSP90 of other organisms over that expressed in humans (71) (72) (73) (74) .
To understand the latter, we will review the structural observations of ligand binding to HSP90. Crystal structures of ligandbound HSP90 became available soon after each inhibitor class was reported (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) , and in 2013 we employed these structures to investigate the influence of inhibitors on HSP90 pocket configuration (94) . We observed that the ATP-binding pocket could be subdivided in three major subpockets (we referred to them as A, B, and C) and that inhibitors occupied some or all of these subpockets (Fig. 3a ). The binding of geldanamycin (GM) and several resorcinols was restricted to subpockets A and C. The configuration that exposed pocket B was absent in crystal structures of apo-HSP90. This indicated that exposure of pocket B might be transient, that only a small fraction of free HSP90 populates this conformational state, or that it is inhibitor-induced. Whichever the reason, pocket B became exposed upon PU-H71 binding, and this ligand occupied all three available subpockets. Pocket B was unveiled by PU-H71 by inducing a conformational change in helix 3 of HSP90, creating a new binding channel (Protein Data Bank code 2FWZ). Specifically, the 8-aryl moiety rearranges helix 3, exposing a lipophilic pocket (B), whereby the phenyl ring of the ligand becomes stacked between Phe-138 and Leu-107 and forms further favorable interactions with Met-98 and Leu-103. The N9 chain is oriented toward an exit pocket (C) that is narrowed somewhat by Leu-107 ( Fig. 3a) .
In 2017, Amaral et al. (69) attached larger moieties onto resorcinolic scaffolds in such a way that they pointed toward pocket B (see Fig. 3b , arrow pointing to attachment site). They showed that such ligands could also induce the pocket rearrangement observed with PU-H71. They characterized this subpocket as a "continuous helical conformation," and the ligands inducing this conformation were termed "helix-binders." The GM and resorcinol type binders that insert into pockets A and C, were named "loop-binders." They next performed surface plasmon resonance and computational studies to show that the majority of the helix-binders had lower association and dissociation rate constants for binding to HSP90 than the loopbinders, a result that supported different binding mechanisms. Compounds that bound to the helical conformation could reach up to 650-fold slower dissociation rates when compared Figure 2 . Functional integration of the chaperome in type 1 tumors. a, in type 1 tumors, epichaperome integrity is maintained, even after a drastic reduction in HSP90 levels, by increasing the total expression levels and the participation in the epichaperome of other key epichaperome components. In these conditions of low HSP90 but high epichaperome, the function of oncogenic protein networks (see EGFR levels) and cell viability remained unaffected. At an inflection point, and as HSP90 continues to decrease, epichaperome networks collapse, oncogenic proteins are depleted, and cell death ensues. b, in type 2 tumors, HSP90 depletion results in immediate client (EGFR) depletion, but no remodeling of the chaperome takes place (HSC70 shown). IB, immunoblot. c and d, in type 1 but not in type 2 tumors, siRNA directed to HSP110, a co-chaperone of HSP/C70, depletes the HSP90 client protein EGFR and results in cell death. e, summary schematic of individual chaperome member inhibition and its outcome in type 1 and 2 cancer cells. a-d are adapted from Ref. 46 and show a representative result or a mean value, as appropriate.
JBC REVIEWS: Chaperome heterogeneity in cancer with compounds that bound to the loop conformation. Helixbinders had up to 230-fold slower association rates, when compared with loop-binders, indicating a higher transition state energy barrier for helix-binders.
This study demonstrates the relationship between ligandinduced protein rearrangements and ligand-binding kinetics, and it provides an in vitro correlate to the observations reported by us in cells, mice and humans, as we detail below. This study also stresses that whereas tighter interactions make binding more favorable, the thermodynamic signature of a strong binder does not have to be dominated by an enthalpic term. Furthermore, this study supports occupancy of site B as an important determinant of the time the ligand spends bound to target.
The simple system described above, composed of purified proteins and ligands, highlights the complexity of ligand- HSP90 association and the effect protein conformation and dynamics have on ligand binding (and vice versa). In contrast, cells are biochemically more complex, especially if we consider the contribution of chaperone stoichiometries in larger complexes, variations in their components, changes in the binding affinity between chaperome complex components, and the post-translational modifications they carry.
By 2004, it had become clear to us that equilibrium binding parameters were insufficient to characterize the interaction of these agents with HSP90 in tumors (95) . When we studied the in vivo properties of PU24FCl, an early generation probe and a precursor to the clinical agent PU-H71, we observed that the binding of the agent was rapid in all tissues, but its dissociation from tumors was slow (95) . This "tumor retention" characteristic, or long tumor residence time, was not the result of drug stickiness to tumor tissue or other nontarget-related factors, because oncogenic clients remained suppressed in tumors as long as the agent also remained in the tumor. The magnitude of oncogenic client suppression also corresponded to the concentration of PU24FCl measured in the tumor. In other words, tumor pharmacokinetics mirrored tumor pharmacodynamics, and the off-rate or the dissociation constant from the tumor determined the biological activity of this agent in tumor-bearing mice.
Tumor PK parameters, with extended tumor retention, were reported soon after this study for all agents with a claim for in vivo antitumor activity. Interestingly, although some varying degree of tumor retention was reported for most agents, tumor PK did not always translate into tumor PD (63) . In other words, although several agents appeared to be retained in the tumor, the levels of the inhibitor and its duration of stay in the tumor did not correlate with how long the target was suppressed in the tumor. Thus, if tumor PK and PD values lack correlation, an extended retention of the agent in the tumor does not reflect specific target engagement.
In addition to in vivo kinetic analyses, we have recently shown (46) through a number of alternative methods using cell homogenates, live cells, and tumors in mice that kinetic binding, with a slowest off-rate from epichaperomes, provides the selectivity of PU-H71 for such tumor HSP90 pools (see examples in Fig. 4 ). We have recently discussed, and in detail in Fig. 5 , how this property of PU-H71 can be used to noninvasively detect tumors in cancer patients characterized by epichaperome abundance (46) . We have also shown that this property of PU-H71 can be used at the single-cell level to detect those cells characterized by the presence of the epichaperome (46, 96) . Finally, we have used an unbiased large-scale approach to show that this property of PU-H71 can be used to identify the interactome and function of this stress-specific HSP90 pool (22, 46) .
In recent years, studies from a variety of targets have pointed to the kinetics of drug-target binding as an important hallmark of drug efficacy and safety (97) (98) (99) (100) (101) (102) . The rate constant for the dissociation of the ligand from the target is usually the main determinant of the affinity because many association reactions are fast, with rate constants in the range of 10 6 to 10 7 M Ϫ1 s Ϫ1 . Thus, for example, dissociation rate constants will be on the order of 1 s Ϫ1 for a low-affinity reaction with a K d of 1 M, and only 0.001 s Ϫ1 for a high-affinity reaction with a K d of 1 nM. In other words, when binding is very tight, complexes can persist for hours to days. In addition to providing selectivity, such binding profiles may also increase the therapeutic index of an inhibitor, as we have recently discussed (22) .
Thus, both ground state stabilization (i.e. drug-target affinity, K d ) and transition state destabilization (K off ) influence the time the ligand spends bound to protein (Fig. 4) . These observations require a change in our thinking of how we assess, discover, and investigate HSP90 drugs. Currently, most such studies use tissue culture treatments with HSP90 agents added for 24 -72 h. These settings, however, reflect a state of equilibrium binding. Over the long time of the experiment, the compound resides inside the cell at a constant concentration, and the ligand may occupy and inhibit the phenotype-determining pool regardless of its kinetic binding preference. Under these conditions, and as often reported, molecular and cellular outcomes are similar for many of the HSP90 agents (46, 103) , irrespective of their kinetic binding-defined HSP90 pool preference.
How is HSP90 in the epichaperome different from the HSP90 pool of type 2 tumors or of nontransformed cells so that it influences ligand dissociation kinetics? The answer to this question is as yet unknown. However, it has been shown that the dynamics and the strength of interaction between HSP90 and other chaperome members, as well as the constitution of the complexes in the two tumor types, differs. In the epichaperome, the dense and complex associations surrounding the resident HSP90 may limit the conformational flexibility of the chaperone, in turn unmasking or stabilizing the exposure of a site that is absent in free HSP90, giving rise to a new proteinprotein interaction platform and a new quaternary structure. What this conformation is, however, remains to be elucidated.
Proteome imbalance drives epichaperome formation
Recent work has shown that a significant driver of epichaperome formation is proteome imbalances (46, 61) . We identified one factor, MYC hyperactivation, to be partly responsible for driving the "rewiring" of the chaperome into the epichaperome in cancer (22, 46, 104) . A significantly higher MYC transcriptional activity characterized epichaperome-positive cells, when compared with epichaperome-negative (or low) cancer cells. Knockdown of MYC converted type 1 cells into type 2. The introduction of a functional MYC gene into a type 2 cancer cell was sufficient to rewire it into a type 1.
However, transformation with bona fide HSP90 client proteins v-Src or mutant MET kinase, which led to an increase in the cellular levels of several chaperones and co-chaperones, such as HSP70, HSC70, HOP, HSP110, HSP40, and AHA1, failed to substantially influence epichaperome formation (46) . Recently, NOTCH was found to be an epichaperome inducer, presumably through its role as an upstream MYC activator in T-cell acute lymphoblastic leukemia (T-ALL) (104) . Blocking NOTCH activity, by preventing its cleavage at the cell surface with ␥-secretase inhibitors, reduced the epichaperome.
A discussion of the formation and role of the epichaperome has been published recently (22, 61) , but an illustration of these concepts can be seen in a recent publication by Kishinevsky et al. (61) , where the effects of rotenone treatment, a toxic stress, or Parkin mutation, a genetic stress, or a combination of the JBC REVIEWS: Chaperome heterogeneity in cancer two on the chaperome were evaluated in midbrain dopaminergic neurons. Both rotenone and Parkin mutations induce mitochondrial dysfunction in neurons and are associated with Parkinson's disease (105) . Because each stress was "titrated" into a normal proteostasis background, this study allows us to appreciate the influence of specific stresses on the chaperome.
In the nonstressed neurons that had normal function and phenotype, the chaperome was characteristic of nontransformed cells (46) . In these neurons, HSP90 complexes disassembled under native PAGE, immobilized PU-H71 isolated little HSP90, and few co-chaperones were observed bound to HSP90. These cells were largely refractory to PU-H71, and even high concentrations of PU-H71 (50 M over 72 h) showed minimal toxicity in neurons. This profile is identical to what we have observed for nonmalignant cells, both primary and cultured, and this is a state that defines normal cellular proteostasis (46) .
Both toxic and genetic stresses augmented the number of proteins forming stable complexes with HSP90 (61). However, it was the genetic stress, and not the acute toxin treatment, that induced the most dramatic chaperome remodeling. Furthermore, each stress induced a distinct signature in the chaperome indicating that chaperome network composition may represent a stress-specific fingerprint. For example, HSP60 was recruited to the HSP90 chaperome network under the toxic stress. In contrast, a number of HSP70 machinery-associated chaperome members, but not HSP60, were tightly bound to HSP90 following the genetic stress.
Why was epichaperome formation necessary under each stress? We observed that under toxic stress these epichaperomes remodeled dopamine production pathways, whereas under genetic stress they enhanced the fitness of inflammatory pathways along with other mechanisms (61) . Thus, as we discussed in cancer (22) , epichaperomes act by maintaining the Figure 4 . Binding of PU-H71 to different HSP90 pools. a, biochemical characterization of HSP90 in MDA-MB-468 and ASPC-1 cancer cells. Both cell lines contain similar total HSP90 levels (evaluated by immunofluorescence and immunoblot). MDA-MB-468 but not ASPC-1 contains HSP90 incorporated into epichaperome networks (evaluated by native PAGE and IEF). b and c, methods to evaluate the dissociation reaction kinetics of a ligand from different cellular HSP90 pools. One way is to compete a fluorescent or radioligand ligand from its receptor with a large excess of unlabeled ligand. The fluorescent ligand dissociates at a rate determined by K off and does not rebind, because the unlabeled ligand takes its place. b, another way is to dilute an equilibrium mixture of ligand (A), receptor (B), and ligand-receptor complex (AB) and observe the time course of the dissociation of AB to establish new equilibrium concentrations of A and B. Monitoring of in vivo PK is in essence a surrogate of such a method. Adapted from Ref. 46 . d, kinetic binding provides the selectivity of PU-H71 for epichaperome over other HSP90 pools. Reaction coordinates for a one-step binding event are shown on the right side to clarify the nature of equilibrium and kinetic binding parameters. Figure 5 . Clinical assays to detect the stress-modified chaperome in cancer patients. a, PET scan is used to detect epichaperome-expressing solid tumors in cancer patients; b, flow cytometry-based assays is used to detect the epichaperome in liquid tumors; and c, native protein separation and analysis by isoelectric focusing followed by immunoblotting with native cognate antibodies are used for minute biopsy specimens. For the PET scan, the patient receives a minute dose of 124 I-labeled PU-H71 and then undergoes PET imaging to determine epichaperome expression (or the lack of) in the tumor. HSP90, involved in dynamic housekeeping chaperome complexes, although abundant and expressed essentially in all cells in the body, does not image in the scan. For the flow cytometry assay, the peripheral blood or bone marrow sample is stained with PU-FITC, and the single-cell signal (i.e. epichaperome expression or the lack of) is detected in a flow cytometer upon sorting of cell populations. Here, for example, blasts (the malignant population in a leukemia patient) are detected to be high epichaperome expressors. Conversely, normal cells (lymphocytes in the same leukemia patient), while high HSP90 expressors, do not stain with PU-FITC. For the biopsy, the frozen biospecimen is applied for IEF-IB analysis by the NanoPro IEF platform. JBC REVIEWS: Chaperome heterogeneity in cancer functionality and fitness of pathogenic protein pathways and networks, rather than the folding of individual clients. It remains to be elucidated how epichaperomes execute such functions, but it was recently hypothesized that epichaperomes act as scaffolding platforms that enable a restructuring of protein-protein interactions and therefore the rewiring of cellular protein networks (22) .
Epichaperomes as a tumor survival mechanism
The existence of the epichaperome is vital for the survival of type 1 tumors (22, 46, 104) . In these cancer cells, but not in those of type 2, inhibition of the epichaperome-participating members HSP90, AHA1, HOP, and HSP110 is toxic (Fig. 2 ) (46) . As the epichaperome fraction of the tumor cell increases, the more sensitive the tumor cell becomes to HSP90 inhibition or siRNA knockdown of HSP90, HSP110, HOP, or AHA1. In epichaperome-high T-ALL, where NOTCH activates MYC, which in turn augments the epichaperome levels (see above), blocking NOTCH, which de-activates MYC, reduced the epichaperome fraction of the cell. These cells, in turn, exhibited reduced sensitivity to inhibition of HSP90, a key component of the epichaperome (104) .
In type 1 cancer cells, but not in those of type 2, a reduction in the total HSP90 levels to as little as 5% of its normal amount remodeled the remaining HSP90 into epichaperome complexes by increasing the cellular concentration of other epichaperome components (AHA1, CDC37, HSP110, HSC70, and HOP were evaluated) ( Fig. 2) (46) . In these conditions of low HSP90 but high epichaperome, the function of oncogenic protein networks and cell viability remained unaffected. However, as HSP90 levels continued to drop, an inflection was observed. At this point, the epichaperomes collapsed; oncogenic proteins were depleted, and cell death ensued. The conclusion from these experiments was that epichaperomes are key for the survival of type 1 tumors and that their abundance determines tumor vulnerability to its inhibition. Finally, they show that when the level of a key chaperome member becomes limiting, such as by the 95% depletion of HSP90 described above, an increase in the expression level of other key chaperome members may retain network structure and functionality, and in turn foster cancer cell survival.
Epichaperome as a tumor target and biomarker
Chaperome members are abundant in all cells in the human body. Biochemical analyses of tumors and associated surrounding normal tissues, as well as whole body scans of mouse and human cancer patients, however, demonstrated the exclusive presence of epichaperomes in certain tumors but not all (Figs. 4 and 5) (https://clinicaltrials.gov/identifier NCT01269593) (46) . This was irrespective of tissue of origin, tumor subtype, or genetic background.
Because the sensitivity of tumors to inhibition of key epichaperome components correlates with the cellular abundance of the epichaperome, the epichaperome is a biomarker. Clinical assays were therefore developed to identify the high epichaperome expressing tumors as these tumors are more likely to benefit from chaperome therapy, such as from HSP90 inhibitors. Three such assays have been developed and trans-lated to clinic: PU-PET for solid tumors, to detect the epichaperome biomarker by PET imaging (Fig. 5a ) (https://clinicaltrials.gov/identifier NCT01269593) (46, 106) ; PU-FITC for liquid tumors, to detect the epichaperome by flow cytometry (Fig. 5b ) (46, 96) ; and IEF for biopsies, to detect the epichaperome by native IEF chromatography ( Figs. 1 and 5c) (46) .
Because the epichaperome is vital for the survival of tumors that express it, the epichaperome is also a tumor target. Although a variety of pharmacological inhibitors and siRNA reagents are useful and appropriate to study its function in cultured cells (46) , this is not the case for its inhibition in humans. To target the epichaperome in clinic, inhibitors that discriminate between a single chaperome and a chaperome incorporated into epichaperomes (that is HSP90 versus HSP90-containing epichaperomes for example) are preferred for treatment as they may offer better target engagement and a safer profile (22, 46) . Although acute chaperome inhibition may not be toxic to normal cells, chronic suppression may have unwanted effects (107, 108) . A number of review articles have been written on the discovery, identity, and mode of action of small molecule inhibitors of HSP90, HSP70, and others (62, 109 -117) , and the reader is referred to these sources for further expansion on this topic.
An often-heard misconception is that all the small-molecule inhibitors of chaperome members are identical and that they will behave similarly in clinic. This view overlooks the reality that agents directed toward chaperome members in cancer cells are in fact being directed toward a heterogeneous cellular chaperome, where a multitude of biochemically and functionally distinct complexes co-exist (22) . It also overlooks the reality that humans are not culture dishes where drugs are kept at constant concentrations for days on end and that factors such as drug residence time, pharmacokinetics, and pharmacodynamics greatly influence what chaperome species an inhibitor can engage while inside a human body (Figs. 3-5) (22) .
In addition to the discussion above, the kinetics of binding, the evaluation of these factors, and their influence on inhibitor efficacy and safety have been recently reviewed elsewhere (22) . Because of the complexity of the tumor cell chaperome, equilibrium binding metrics, and those evaluated with the use of recombinant proteins, are poorly suited to understand, or deduce, the biological activity of a chaperome inhibitor, and they are even less appropriate to gauge the safety and potency of such inhibitors in the clinic.
Reagents and methods for epichaperome analysis
The biochemical and functional heterogeneity of the chaperome, combined with its stress-specific remodeling, highlights the limitations of methods that either perceive the chaperome as a monolithic entity or disrupt and engineer the cellular environment to study its function. Methods and reagents that recognize such chaperome heterogeneity, and also enable the study of disease-specific chaperome species, are therefore needed for a proper understanding of chaperome biology in disease. Chemical biology has emerged as a complementary yet powerful approach to tackle complex biological problems. By modifying the probe (chemical tool) rather than the system (protein or cell), chemical biology enables the analysis of the proteome in the nonengineered, native state, thus providing information most closely resembling the reality of a disease. Chemical biology uses chemical probes to detect and analyze proteins. Chemical probes are small molecules, and by definition, small molecules can sense and detect changes in proteins.
By taking advantage of kinetic selectivity, chemical probes may be designed to differentiate between the dynamic and the stable chaperome complexes and between the many distinct chaperome conformations. Our lab has spent the last decade developing chemical probes and methods for the investigation of the chaperome in disease (46, 56, 71, 74, 118 -126) , and we will highlight below several that enable the study of the epichaperome (Fig. 6 ).
Chemical probes
PU-H71 is an inhibitor of HSP90 specifically when HSP90 is part of the stable chaperome complexes of epichaperome networks formed under stress (46, 56, 127) . The more HSP90 is incorporated into stable epichaperome networks, the higher the binding affinity of PU-H71 for HSP90, and the slower its dissociation (off-rate) from the stable epichaperome complexes (which provide the biochemical basis for the epichaperome networks) ( Fig. 4) (46, 61) . This property of PU-H71 is the basis for the use of labeled PU-H71 to differentiate epichaperome-expressing tumors from those that are not and to measure the expression of the epichaperome. While initially discovered as an HSP90 inhibitor, later studies have shown PU-H71 prefers "a tumor-enriched HSP90" or a "stress HSP90" (56, 96, 128 -133) . Later studies have identified this HSP90 species to be the epichaperome (46) . Its kinetic selectivity for the epichaperome over HSP90 has been shown in cell homogenates, in live cells, in mice, and in humans and through a number of alternative methods (46) . Therefore, PU-H71 and related chemical probes (i.e. fluorescently labeled, radiolabeled, and solid support immobilized) can be used as chemical sensors to recognize the tumor stress-modified HSP90 pool incorporated into epichaperome networks and, moreover, capture and identify the disease-related protein networks it regulates. Because of these features, PU-H71 itself is used in the clinic to treat epichaperome-addicted tumors (https://clinicaltrials.gov/ identifiers NCT01393509, NCT03166085, and NCT03373877) (134) , to detect the epichaperome by flow cytometry (see the PU-FITC assay, Fig. 5 ), and to detect epichaperomes in solid tumors by PET imaging (see PU-PET assay, Fig. 5 ). In addition to PUtype probes, we have developed the YK-probes that act on the epichaperome via HSP70s (when HSC70 is incorporated into the epichaperome) (46) . When using these chemical probes, one must appreciate and consider the discussion above regard- JBC REVIEWS: Chaperome heterogeneity in cancer ing equilibrium and kinetic binding conditions and understand that selectivity comes from the kinetics of binding.
Biochemical assays
To identify and separate chaperome complexes in tumors, and to overcome the limitations of classical protein chromatography methods for resolving complexes of similar composition and size, we implemented a capillary-based assay that combines IEF with immunoblotting capabilities (Fig. 1) (46) . Based on the NanoPro 1000 system from ProteinSimple (135) , it uses an immobilized pH gradient to separate native multimeric protein complexes based on their pI and allows for subsequent probing of immobilized complexes with native cognate antibodies. Proteins separated by capillary IEF remain in a native state, which may influence the ability of antibodies to recognize the proteins, and thus we screened a panel of antibodies to identify those that best capture the epichaperome complexes. The method uses only minute amounts of sample, enabling the interrogation of primary specimens. We also developed a similar method for the analysis of epichaperome complexes by native PAGE (Fig. 1) (46) .
Functional assays
To investigate the epichaperomes, and their composition and function in the specific tumor context, we have developed chaperome proteomics and computational methods (46, 56, 119, 133) . These enable large-scale nonbiased analyses of the epichaperome, including the composition and post-translational makeup of its constituent chaperomes, the identity and function of its interactome, and the global cellular pathways and networks dependent on and driving epichaperome formation. The discovery of MYC hyperactivation as a driver of epichaperome formation in cancer and the discovery of epichaperome formation as the basis of tumor sensitivity to PU-H71 were based on hypothesis-building findings derived from the use of such large-scale functional assays (see Ref. 46 for details). Understanding how the epichaperome restructures under specific stresses was also derived from the incorporation of this assay (56, 61) .
Primary specimens
To closely recapitulate the human disease and to capture the epichaperome as expressed in native tumors, we have developed methods to detect epichaperomes in minute samples and to test the activity of epichaperome inhibitors in tissue slices (for solid tumors, see Ref. 46) and in blood and bone marrow samples (for liquid tumors, see Ref. 46, 56, 96) . These retain the tumor environment and architecture (stroma, immune cells, etc.). We have also developed streamlined protocols for the evaluation of drugs in fresh solid-tumor tissue slices (46, 123) and in leukemic specimens from clinic (96) .
A combination of these numerous methods and probes, along with classical cell biology approaches (engineered cells, isogenic lines, siRNAs, antibodies, etc., see also Ref. 46 ) is best used to investigate the nature and significance of the epichaperome in tumors (Fig. 6 ).
Summary and future outlook
We have summarized recent work demonstrating how stresses associated with disease can remodel the chaperome so that major chaperome machineries become structurally and functionally integrated. Such chaperome remodeling is accomplished by increasing the interaction strength between the members of distinct chaperome machineries and between the chaperome and the proteome it regulates. These changes appear largely independent of overall chaperome levels, suggesting that increased connectivity is important during cellular alterations induced by proteome stresses.
Several landmark studies have indicated that a remodeling of the chaperome in both cancer and neurodegenerative diseases may also be associated with changes in the expression of subsets of chaperome members (5, 6, 111, 136 -138) , indicating that intricate chaperome remodelings, as reflected by changes in both expression and interaction strength among members, are hallmarks of diseases.
We have also discussed how equilibrium binding parameters are inadequate to characterize chaperome targeting in cancer and to appreciate the selectivity of a ligand for specific tumorassociated chaperome pools. It is now clear that targets other than the chaperome can also benefit from understanding drugtarget kinetics. Indeed, the role of binding kinetics is being explored in programs such as the K4DD Innovative Medicines Initiative (69, (97) (98) (99) (100) (101) (102) 139) .
Although the discovery of the epichaperome in cancer; the development of reagents and methods to detect this chaperome-addicted state in cells, animals, and patients; the development of inhibitors that enable its inhibition in clinic, and the clinical proof-of-principle that epichaperome modulation may lead to effective treatment have all proceeded apace, many questions remain.
How do epichaperomes form?
It is likely that cellular stress favors conformations of chaperome members that are more permissive of oligomerization. Whether these conformations become stabilized by post-translational modifications in constituent chaperomes or even in interacting proteins, or both, remains to be determined.
How do epichaperomes foster tumor cell survival?
Evidence so far indicates that epichaperomes may regulate the cellular complement of oncogenic proteins and pathways, a function recently reviewed (22) . Unlike individual chaperomes, epichaperomes may function as complex scaffolds, providing oncogenic cellular components with a platform on which they can work more efficiently than they would without epichaperome participation (22) . Future studies are needed to address the biochemical mechanisms of these functions, but the formation of epichaperome complexes appears to redirect the chaperome toward functions other than folding or disaggregation.
Are epichaperomes other than those nucleating around HSP90 -HSC70 also forming in disease?
One may imagine that not all stresses may be regulated by HSP90 -HSC70 epichaperomes and that other varieties may JBC REVIEWS: Chaperome heterogeneity in cancer form in a stress-dependent manner. Organelle-specific networks may also form in conditions of disease, similar to those described here for the cytosolic chaperome.
What are the fundamental factors and mechanisms that drive or inhibit epichaperome formation?
Although MYC is a driver in cancer, it is likely that other cells may have distinct vulnerabilities to stress and stressors, as we have noted recently in the context of Parkinson's disease (61) .
How may we influence the formation of the epichaperome in situ?
Because stress is a factor in epichaperome formation, artificially augmenting epichaperomes by the exogenous application of stress may be a route to increasing the sensitivity of tumors to epichaperome-targeted therapies. Our team is currently investigating certain chemotherapies for inducing proteome stress and, in turn, epichaperomes in cancer (NCT03166085).
What therapies positively (or negatively) influence epichaperome formation?
Drugs that positively influence epichaperomes may augment sensitivity of tumors to epichaperome therapies, and identification of such agents will be of importance in the future clinical development. Just as important is to identify those agents that may negatively influence epichaperomes. On the one hand, these may be indirect epichaperome inhibitors, and thus may be used as such to treat epichaperome-addicted tumors. On the other hand, one may imagine that such agents limit the efficacy of epichaperome inhibitors. Cancer treatment does not occur in a vacuum but rather in patients co-treated for a number of possible morbidities, such as high blood pressure or a bacterial infection, and any such drugs could interfere with epichaperome formation through yet unknown mechanisms.
What is the composition and the design of a combination therapy that targets the epichaperome for maximal therapeutic benefit?
Drugs may augment or inhibit epichaperomes, and such factors must be taken in account when designing combination therapies, the backbone of cancer treatment. The timing and the sequence in which these drugs are administered also become of great importance in such therapies, and these factors will have to be carefully investigated.
How is epichaperome inhibition affecting and is affected by the tumor microenvironment and the immune system? Are tumor-associated cells also using epichaperomes as a mechanism of transformation?
Although cancer research has been heavily focused in the past on the tumor itself, it is now appreciated that several factors outside the tumor greatly influence the efficacy of cancer therapies, including the immunosuppressive cell populations that aid in promoting tumor progression and immune evasion. The influence of these factors in epichaperome therapies remains to be resolved. Studies so far also highlight the need to study the epichaperome in the context of native cellular states.
Therefore, the use of chemical biology methods becomes important in the study of epichaperomes in disease.
Overall, the discovery of the epichaperome offers the potential for precision medicine, and it emphasizes that the properties of chaperome networks, not genetics or individual client proteins, should drive chaperome therapy implementation. Future development of epichaperome inhibitors thus requires a shift in our thinking, with a focus on patient selection and drug implementation based on mechanisms of tumor addiction to epichaperomes.
